The parietal cortex is highly multimodal and plays a key role in the processing of objects and actions in space, both in human and nonhuman primates. Despite the accumulated knowledge in both species, we lack the following: (1) a general description of the multisensory convergence in this cortical region to situate sparser lesion and electrophysiological recording studies; and (2) a way to compare and extrapolate monkey data to human results. Here, we use functional magnetic resonance imaging (fMRI) in the monkey to provide a bridge between human and monkey studies. We focus on the intraparietal sulcus (IPS) and specifically probe its involvement in the processing of visual, tactile, and auditory moving stimuli around and toward the face. We describe three major findings: (1) 
Introduction
The parietal cortex is considered to be an "association" cortex that receives convergent multimodal sensory inputs. This view, initially based on anatomical evidence, is confirmed by single-cell electrophysiological recordings. Briefly, the parietal cortex receives visual afferents from the extrastriate visual cortex (Maunsell and van Essen, 1983; Ungerleider and Desimone, 1986) . In agreement with this, visual neurons are recorded from several parietal regions, coding the location and structure of visual items as well as their movement in 3D space with respect to the subject. These neurons can have a preference for large field dynamic visual stimuli, such as expanding or contracting optic flow patterns or moving bars (Schaafsma and Duysens, 1996; Bremmer et al., 2002a; Zhang et al., 2004) , or smaller moving visual stimuli (Vanduffel et al., 2001) . The parietal cortex also receives monosynaptic afferents from the somatosensory cortex (Seltzer and Pandya, 1980; Disbrow et al., 2003) . Accordingly, tactile neuronal responses have been documented in this region (Duhamel et al., 1998; Avillac et al., 2005) . A light auditory input to the parietal cortex has also been described from the caudomedial auditory belt (Lewis and Van Essen, 2000a) , corroborating the description of parietal neurons responsive to auditory stimulations Grunewald et al., 1999; Schlack et al., 2005) . Last but not least, the parietal cortex also receives vestibular afferents from several cortical regions with direct input from vestibular nuclei (FaugierGrimaud and Ventre, 1989; Akbarian et al., 1994) and accordingly contains neurons that are modulated by vestibular information (Bremmer et al., 2002b; Chen et al., 2011) .
This heavily multimodal convergence within the parietal cortex appears to serve two key functions: on the one hand, the processing of space and objects in space and on the other hand the preparation of oriented actions in space (i.e., sensorimotor transformation). These functions are documented by lesion, fMRI, and single-cell recording studies (Colby and Goldberg, 1999; Bremmer et al., 2002b; Andersen and Cui, 2009; Orban, 2011) .
Despite this accumulated knowledge on parietal functions, little effort has been directed toward functional neuroimaging of multimodal convergence within this cortex Sereno and Huang, 2006) . In particular, no such data are available in the nonhuman primate. This prevents a direct transfer of accumulated knowledge on multimodal parietal functions, from the single-cell recording studies in the macaque, to observations derived from the human studies. Here, we propose to bridge this gap, thanks to nonhuman primate fMRI. More pre-cisely, we focus on the intraparietal sulcus (IPS). This region has distinctive functions compared with the parietal convexity and is proposed to be involved in the construction of a multisensory representation of space . In particular, a subregion of the IPS is thought to code peripersonal space thanks to the processing of moving stimuli toward the subject (Graziano and Cooke, 2006) . We specifically probe the involvement of the IPS in the processing of visual, tactile, and auditory moving stimuli around and toward the face.
Materials and Methods

Subjects and materials
Two rhesus monkeys (female M1, male M2, 5-7 years old, 5-7 kg) participated to the study. The animals were implanted with a plastic MRI compatible headset covered by dental acrylic. The anesthesia during surgery was induced by Zoletil (tiletamine-zolazepam, Virbac, 5 mg/kg) and followed by isoflurane (Belamont, 1-2%). Postsurgery analgesia was ensured thanks to Temgesic (buprenorphine, 0.3 mg/ml, 0.01 mg/kg). During recovery, proper analgesic and antibiotic coverage was provided. The surgical procedures conformed to European and National Institutes of Health guidelines for the care and use of laboratory animals.
During the scanning sessions, monkeys sat in a sphinx position in a plastic monkey chair positioned within a horizontal magnet (1.5-T MR scanner Sonata; Siemens) facing a translucent screen placed 90 cm from the eyes. Their head was restrained and equipped with MRI-compatible headphones customized for monkeys (MR Confon). A radial receiveonly surface coil (10 cm diameter) was positioned above the head. Eye position was monitored at 120 Hz during scanning using a pupil-corneal reflection tracking system (Iscan). Monkeys were rewarded with liquid dispensed by a computer-controlled reward delivery system (Crist) thanks to a plastic tube coming to their mouth. The task, all the behavioral parameters, and the sensory stimulations were monitored by two computers running with Matlab and Presentation. Visual stimulations were projected onto the screen with a Canon XEED SX60 projector. Auditory stimulations were dispensed with an MR Confon. Tactile stimulations were delivered through Teflon tubing and 6 articulated plastic arms connected to distant air pressure electro-valves. Monkeys were trained in a mock scan environment approaching to the best the actual MRI scanner setup.
Task and stimuli
The animals were trained to maintain fixation on a red central spot (0.24°ϫ 0.24°) while stimulations (visual, auditory, or tactile) were delivered. The monkeys were rewarded for staying within a 2°ϫ 2°toler-ance window centered on the fixation spot. The reward delivery was scheduled to encourage long fixation without breaks (i.e., the interval between successive deliveries was decreased and their amount was increased, up to a fixed limit, as long as the eyes did not leave the window). The different modalities were tested in independent interleaved runs (see below for the organization of the runs).
Visual stimulations. Large field (32°ϫ 32°) visual stimulations consisted of white bars (3.2°ϫ 24.3°, horizontal, vertical, or 45°oblique) or white random dots on a black background (see Fig. 1A for an example). Three conditions were tested in blocks of 10 pulses (TR ϭ 2.08 s): (1) coherent movement, with bars moving in one of the 8 cardinal directions or expanding or contracting random dots pattern (with 5 possible optic flow origins: center, top left (Ϫ8°, 8°), top right, lower left and lower right); each coherent movement sequence lasted 850 ms, and 24 such sequences were pseudo-randomly presented in a given coherent movement block; (2) scrambled movement, in which the different frames of a given coherent movement sequence were randomly reorganized so that no coherent movement component was left; each scrambled movement sequence lasted 850 ms, and 24 such sequences were presented in a given scrambled movement block; these matched the 24 coherent movement sequences of the coherent movement block from which they were derived; this provides precise visual controls of the coherent movement blocks; (3) static, in which individual frames randomly picked from the coherent movement visual stimuli sequences, were presented for 250 ms; these matched the coherent movement sequences of the coherent movement block they were derived from so as to provide precise visual controls of the coherent movement blocks. As a result, within a given block, 850 ms portions of the different stimuli (bars/dots/directions/origins) of a same category (coherent/scrambled/static) were pseudo-randomly interleaved. All of these stimulations were optimized for area ventral intraparietal area (VIP) as we used large field visual stimuli, moving at 100°/s in the coherent movement condition (Bremmer et al., 2002a) .
Auditory stimulations. In both monkeys, we used coherent movement complex auditory stimuli moving in near space around the head (binaural, 3D holographic sounds, http://gprime.net/flash.php/soundimmersion, http://onemansblog.com/2007/05/13/get-your-virtual-haircut-and-otherauditory-illusions/, durations ranging between 1.7 and 11.5 s). We selected the stimuli evoking the best movement perception and localization among a group of 12 human subjects (average age, 45.5 years). Scrambled stimulations were obtained by cutting the movement sounds in 100 ms or 300 ms segments and randomly mixing them. Static stimulations consisted of auditory stimuli evoking a stable stimulus in space (selected from the same 3D holographic sounds database and evaluated by the same group of subjects as the coherent movement auditory sounds). In M2, we also used pure-tones auditory stimulations (generated in Goldwave, at 300, 500, and 800 Hz). Coherent movement stimulations consisted of two kinds of movement: (1) 2.0 s long sounds simulating far away to near movements (linear increase in signal amplitude ϩ Doppler effect) or the opposite (linear decrease in sound amplitude); and (2) sound moving between the left and the right ear (3.5 s stimuli, corresponding to two back-and-forth cycles, thanks to opposite amplitude variations between the two binaural sounds and a 1 Hz stimulus frequency binaural offset). Human subject rating of these stimuli was less consistent than that for complex sounds, subjects usually describing stimuli moving within the head. Scrambled stimulations were obtained as for complex scrambled stimuli. Static stimuli consisted of constant left ear or right ear stimulations. Within a given block, 2 s and 3.5 s stimulations of a given category (coherent/scrambled/static) were pseudorandomly interleaved.
Tactile stimulations. They consisted of air puffs delivered to three different locations on the left and the right of the animals' body (see Fig. 1A for a schematic representation): (1) center of the face, close to the nose and the mouth; (2) periphery of the face, above the eyebrows; and (3) shoulders. The intensity of the stimulations ranged from 0.5 bars (center/ periphery) and 1 bar (shoulders), to adjust for the larger distance between the extremity of the stimulation tubes and the skin, as well as for the difference in hair density. Within a given block, left and right stimulations were pseudo-randomly interleaved, each stimulation lasting between 400 and 500 ms and the interstimulation interval between 500 and 1000 ms.
Functional time series (runs) were organized as follows: a 10-volume block of pure fixation (baseline) was followed by a 10-volume block of category 1, a 10-volume block of category 2, and a 10-volume block of category 3; this sequence was played four times, resulting in a 160-volume run. The blocks for the 3 categories were presented in 6 counterbalanced possible orders. A retinotopy localizer was run independently in the two monkeys using exactly the stimulations of Fize et al. (2003) . This localizer is not effective in driving VIP specifically or identifying a reliable topographical organization in this region (except for a relative overrepresentation of the upper with respect to the lower visual field). Here, it is used to locate the central representation of the lateral intraparietal area (LIP) within each hemisphere, in both animals.
Scanning
Before each scanning session, a contrast agent, monocrystalline iron oxide nanoparticle (Sinerem, Guerbet or Feraheme, AMAG), was injected into the animal's femoral/saphenous vein (4 -10 mg/kg). For the sake of clarity, the polarity of the contrast agent MR signal changes, which are negative for increased blood volumes, was inverted. We acquired gradient-echo echoplanar (EPI) images covering the whole brain (1.5 T; repetition time [TR] 2.08 s; echo time [TE] 27 ms; 32 sagittal slices; 2ϫ2ϫ2 mm voxels). During each scanning session, the runs of different modalities and different orders were pseudo-randomly intermixed. A total of 40 (34) runs was acquired for visual stimulations in M1 (M2), 36 (40) runs for tactile stimulations, and 37 (42) runs for complex auditory stimulations (plus 40 runs for pure-tones auditory stimulations in M2). Fifty-seven (45) runs were obtained for the retinotopy localizer were obtained in independent sessions for M1 (M2).
Analysis
The analyzed runs were selected based on the quality of the monkeys' fixation (Ͼ85% within the tolerance window): a total of 23 (25) runs were selected for visual stimulations in M1 (M2), 20 (32) for tactile stimulations, 26 (32) for complex auditory stimulations (and 34 for pure-tones auditory stimulations in M2) and 20 (24) for the retinotopy localizer. Time series were analyzed using SPM8 (Wellcome Department of Cognitive Neurology, London, United Kingdom). For spatial preprocessing, functional volumes were first realigned and rigidly coregistered with the anatomy of each individual monkey (T1-weighted MPRAGE 3D 0.6ϫ0.6ϫ0.6 mm or 0.5ϫ0.5ϫ0.5 mm voxel acquired at 1.5T) in stereotactic space. The JIP program (Mandeville et al., 2011 ) was used to perform a nonrigid coregistration (warping) of a mean functional image onto the individual anatomies. Fixed-effect individual analyses were performed for each sensory modality in each monkey, with a level of significance set at p Ͻ 0.05 corrected for multiple comparisons (familywise error [FWE] , t Ͼ 4.89) unless stated otherwise. We also performed conjunction analyses (statistical levels set at p Ͻ 0.05 at corrected level unless stated otherwise). In all analyses, realignment parameters, as well as eye movement traces, were included as covariates of no interest to remove eye movement and brain motion artifacts. When coordinates are provided, they are expressed with respect to the anterior commissure. We also performed ROI analyses using MarsBar toolbox (Brett et al., 2002) . The ROIs were defined based on the conjunction analyses results. The significance threshold for the t tests was set at p Ͻ 0.05 (one-tailed). Results are displayed on coronal sections from each individual anatomy or on individual flattened maps obtained with Caret (Van Essen et al., 2001 ; http://www.nitrc.org/projects/caret/). We also mapped each individual anatomy onto the F6 monkey atlas of Caret to visualize the obtained activations against the anatomical subdivisions described by Lewis et al. (2000 Lewis et al. ( , 2005 within the intraparietal sulcus IPS.
Test-retest analyses are performed to evaluate the robustness of the reported activations (see Figs. 4 and 6) . For each monkey, the runs of the sensory modality of interest are divided into two equal groups as follows. The runs are ordered from the first run to be recorded to the last. A first group (called the ODD test-retest group) is composed of all the odd runs in the acquisition sequence (first, third, fifth, seventh, etc.). A second group (called the EVEN test-retest group) is composed by all the even runs in the acquisition sequence (second, fourth, sixth, eighth, etc.). The percentage of signal change (PSC) in the contrast of interest is calculated for all the runs, only the ODD runs and only the EVEN runs independently.
ANOVA. A two-way ANOVA is performed when necessary to investigate whether two ROIs have similar response profiles or not. PSCs are extracted for each ROI for the contrasts of interest. The two-way ANOVA takes the contrasts of interest as first factor and the ROI identity as second factor. A main contrast effect indicates that all contrasts do not activate the ROIs to the same extent, irrespective of ROI identity. A main ROI effect indicates that the overall activation between the two ROIs is different, irrespective of what contrast is considered. An interaction effect indicates that the two ROIs are activated in different ways by each contrast of interest.
Potential covariates. In all analyses, realignment parameters, as well as eye movement traces, were included as covariates of no interest to remove eye movement and brain motion artifacts. However, some of the stimulations might have induced a specific behavioral pattern biasing our analysis, not fully accounted for by the aforementioned regressors. For example, large field coherent fast-moving stimuli might have induced an eye nystagmus, air puffs to the face might have evoked facial mimics (as well as some imprecision in the point of impact of the air puff) and spatially localized auditory stimuli might have induced an overt orienting behavior (microsaccades and saccades, offset fixation). Although we cannot completely rule out this possibility, our experimental setup allows to minimize its impact. First, monkeys worked headrestrained (to maintain the brain at the optimal position within the scanner, to minimize movement artifacts on the fMRI signal, and to allow for a precise monitoring of their eye movements). As a result, the tactile stimulations to the center and to the periphery of the face were stable in a given session. When drinking the liquid reward, small lip movements occurred. These movements thus correlated with reward timing and were on average equally distributed over the different sensory runs and the different conditions within each run (we checked that the monkeys had equal performance among the different conditions within a given run). The center of the face air puffs were placed on the cheeks on each side of the monkey's nose at a location that was not affected by the lip movements. Peripheral body stimulation air puffs were directed to the shoulders, at a location that was not affected by possible arms movements by the monkey. This was possible because the monkey chair tightly fit the monkey's width. Second, monkeys were required to maintain their gaze on a small fixation point, within a tolerance window of 2°ϫ 2°. This was The main condition of interest, coherent movement, was mixed with two control conditions (scrambled and static stimulations) and a baseline condition (fixation only). B, Schematics of the tactile stimulations: air puffs were delivered to the center of the face, the periphery of the face, or the shoulders, both on the left and right sides of the monkeys. C, Schematics of the auditory stimulations: moving sounds were delivered to the monkeys via a headset. We used the same conditions as for the visual modality. D, Statistical parametric maps (SPMs) showing the primary activations obtained for the three sensory modalities. The visual activations (left column) are specific for visual motion and correspond to the conjunction analysis of two contrasts (coherent movement vs scrambled and coherent movement vs static; p Ͻ 0.05, FWE-corrected level, masked to display only positive signal change relative to the fixation baseline). The tactile activations (middle column) correspond to stimulations to the center of the face relative to the fixation baseline ( p Ͻ 0.05, FWE-corrected level). The auditory activations (right column) correspond to coherent movement relative to the fixation baseline ( p Ͻ 0.05, FWE-corrected level). These results are presented individually for each monkey and displayed on coronal sections of each anatomy (M1 for the top, and M2 for the lower ones). MT, Medial temporal area; MST, medial superior temporal area; SII, secondary somatosensory area; A1, primary auditory area.
controlled online and was used to motivate the animal to maximize fixation rates (as fixation disruptions, such as saccades or drifts, affected the reward schedule). Eye traces were also analyzed offline for the selection of the runs to include in the analysis (good fixation for 85% of the run duration, with no major fixation interruptions). A statistical analysis indicates that the monkeys' performance was not significantly different across the visual, tactile, or auditory runs (one-way ANOVA: M1, p ϭ 0.75; M2, p ϭ 0.65). This suggests that the overall oculomotor behavior was constant across types of runs. Small systematic changes taking place within the tolerance window could have affected our data, such as small saccades, microsaccades, or other differences in eye position variance. When eye position is used as a regressor for fMRI signal, changes in the fMRI signal can be specifically located in LIP and the FEF (this analysis is used to delineate the anterior limit of LIP in monkey M1). Microsaccades are expected to activate the same regions as saccades. The fact that LIP is not activated in the contrasts presented in Figures 5 and 6 indicates that microsaccade and small saccade patterns were similar across conditions.
Results
Monkeys were exposed to visual (Fig. 1A) , tactile (Fig. 1B) , or auditory ( Fig. 1C) stimulations, while fixating a central point, in independent time series. Based on prior studies, we used large field visual stimuli (expanding and contracting optic flow stimuli and moving bars) (Bremmer et al., 2002b) , tactile stimuli to the face and upper body (Duhamel et al., 1998) , and rich auditory stimuli moving in space (complex sounds have been shown to produce more robust cortical activations outside the primary auditory cortex, Blauert, 1997; than pure tones as used by Schlack et al., 2005) . These stimulations were effective in activating the primary areas involved in their processing: all the visual stimuli activated the primary visual areas, and coherent movement specifically activated areas MT and MST (Fig. 1D, left) ; the three tactile stimulations activated area SII (Fig. 1D , middle, center of the face stimulation); and all the auditory stimuli activated the primary auditory cortex and the auditory belt (Fig. 1D , right, coherent movement stimuli).
In this paper, we specifically focus on the IPS. However, other cortical regions in both hemispheres of both monkeys were also robustly activated ( p Ͻ 0.05, FWE-corrected level) by our stimulations: the occipital cortex (visual stimulations: striate and extrastriate areas), temporal cortex (visual: superior temporal 4 Figure 2 . Visual, tactile, and auditory modalities within the intraparietal sulcus. A, Localization of the IPS on the flattened representation of the cortex obtained with Caret (monkey M1, left hemisphere). The yellow inset corresponds to the IPS, which was slightly rotated to be depicted as horizontal in B and in the following figures. Black solid line indicates the limit between the convexity and the banks of the IPS; and black dashed line, projection on the flat map of the most posterior coronal section of the IPS, just before the annectant gyrus can be identified. AS, Arcuate sulcus; CS, central sulcus; IOS, inferior occipital sulcus; IPS, intraparietal sulcus; LS, lateral sulcus; LuS, lunate sulcus; PS, principal sulcus; STS, superior temporal sulcus. B, Activations presented on the flattened IPS for (1) the visual modality (top panels), showing the coherent movement versus fixation contrast (red represents t score scale, color transitions being adjusted to t scores ϭ 1.65 at p Ͻ 0.05, uncorrected level; t scores ϭ 3.1 at p Ͻ 0.001, uncorrected level and t scores ϭ 4.8 at p Ͻ 0.05, FWE-corrected level); (2) the tactile modality (middle panels), showing the center of the face versus fixation contrast (green color t score scale, color transitions as in 1); and (3) the auditory modality (lower panels), showing the coherent movement versus fixation contrast (blue represents t score scale, color transitions as in 1). The hyphenated yellow line corresponds to the anterior boundary of M1 eye movements' regressors extracted from the visual analysis. This limit corresponds to the anterior boundary of the LIP (Durand et al., 2007) Visual, tactile, and auditory processing within the IPS Because the parietal cortex is a site of multisensory convergence, we first studied how each modality activated the IPS (Fig.  2A) . Figure 2B shows, for each monkey, the results for the main stimulation conditions contrasted with the fixation baseline. For the visual and auditory modalities, the main stimulation condition is the coherent movement. These coherent movement versus fixation contrasts extract the activations that are related both to the stimulation onset (visual onset of the large-field visual stimuli or auditory onset of the rich moving sounds) as well as to the coherent movement component that builds up within a given coherent movement sequence. They capture both movement-selective and nonselective IPS domains. For the tactile modality, the main condition is the center of the face stimulation, as it is the one eliciting the strongest activation in the IPS for both monkeys (Fig. 3) .
Two major results can be highlighted. First, the three sensory modalities do not activate the IPS with the same robustness: the visual (t score for the principal local maximum: t ϭ 41.4/42.6 and t ϭ 29.4/ 29.9, left/right, in M1 and M2, respectively) and tactile (t ϭ 14.4/13.1 and t ϭ 9.7/13.4) modalities activate a large region at corrected level, whereas no auditory activation can be observed at this criterion (t score for the principal local maximum: t ϭ 3.8/4.1 and t ϭ 3.1/5.2 in M1 and M2, respectively). To check that the weak auditory activations that we observe are not specific to the 3D holographic binaural sound stimuli we chose, we presented monkey M2 with pure tone auditory stimuli as in . These pure tones hardly elicited any activation within the IPS (t score for the principal local maximum: t ϭ 2.46/1.35, data not shown). Thus, in the next analyses, we will present the auditory results for the 3D holographic sound stimuli at a lower statistical level ( p Ͻ 0.05, uncorrected).
Second, we observed a clear topography: the visual stimulations mainly activated the posterior two-thirds of the IPS, whereas the tactile stimulations activated the anterior third. This topography is very stable, as can be seen by comparing the activations at corrected and uncorrected levels. The auditory activations were more patchy and variable in between animals and hemispheres but were mainly concentrated on the medial bank.
Movement processing toward and around the face within the IPS The parietal cortex is also involved in the processing of stimuli moving with respect to the subject (Duhamel et al., , 1998 . Here, we studied how the movement component of the sensory stimulations we used specifically activated the IPS. We thus contrasted, for the visual modality, the coherent movement condition both with the scrambled movement and static conditions (coherent movement vs scrambled and coherent movement vs static; Fig. 4, top) . Using both these contrasts allows to subtract visual onset and local motion cues so as to reveal activations specific to large field movement toward and around the face or selfmotion. In contrast to the widespread activations elicited compared with the fixation baseline (Fig. 2B) , these specific visual coherent movement activations were found at the fundus of the IPS.
Ideally, auditory movement activations should also be defined by contrasting the coherent movement condition both to the scrambled movement and static conditions, as done for the visual activations. However, the scrambled sounds activated the IPS nearly as much as the coherent sounds (see, for example, the PSC histograms in Fig. 5 ), possibly because they retained some degree of sound motion (they corresponded to a random rearrangement of small fragments of the coherent motion complex sounds). We thus only used the coherent movement versus static contrast. We observed activations in the fundus of the IPS overlapping with the visual movement activations, only at very low t score levels (t score between 1.73 and 2.53, Ͻ4.8, which corresponds to p Ͻ 0.05, FWE-corrected level, and Ͻ3.1, which corresponds to p Ͻ 0.001, uncorrected level). To assess the reliability of these auditory activations, we performed a test-retest analysis (separating the runs in EVEN and ODD groups). We show in Figure 4 (bottom) the conjunction analysis ( p Ͻ 0.05, uncorrected level) for the coherent movement versus static contrasts in these EVEN and ODD groups, thus revealing only the weak but reproducible auditory activations. Con- firming our previous observations, auditory regions processing movement were mainly found at the fundus of the IPS in three of four hemispheres (two regions in both hemispheres of monkey M1 and one region in the right hemisphere of monkey M2).
Together, this suggests that processing moving visual or auditory stimuli recruited overlapping regions in the fundus of the IPS. Interestingly, these regions also overlapped with tactile regions activated by stimulations to the center of the face (Fig. 4,  middle) , signing a region of multisensory convergence. In this context, air puff stimulations can be viewed as the dynamic impact of an object approaching the face. We did not specifically test for dynamic versus stationary tactile stimulations (the latter being quite challenging to produce). We rather focused on face specificity with respect to other body parts (the fundus of the IPS being known to preferentially represent the face) (Duhamel et al., 1998) . We thus cannot conclude whether the tactile activations we observe at the fundus of the IPS are induced by the stationary or the movement components of the tactile stimulations to the face (air puffs to the face, including both aspects). If we extrapolate recording results from Duhamel et al. (1998) , who showed that 30% of VIP tactile cells have no direction selectivity, this would mean that 70% of the tactile fMRI signal we observe is driven by the dynamic component of the air puffs, whereas the remaining 30% is driven by the purely stationary component of tactile face stimulation (see discussion on this point).
Convergence of multimodal movement processing signals within the IPS as a putative definition of the VIP
In the next step, we looked for the multimodal regions at the fundus of the IPS that are specific to movement processing, thanks to conjunction analyses. Both the visual and the tactile modalities activated very robustly the IPS. As a result, the most reliable sensory convergence was the visuo-tactile one (Fig. 5 , VT, coronal sections, orange to white areas on the flat maps). Two bilateral regions were observed at the fundus of the IPS in M1 [anterior, 1L (Ϫ14, Ϫ16, 10), t score ϭ 6.12 and 1R (16, Ϫ16, 12), t score ϭ 5.98; posterior, 2L (Ϫ9, Ϫ22, 9), t score ϭ 6.61 and 2R (10, Ϫ22, 10), t score ϭ 7.12); and one bilateral region was observed in M2 (3L (Ϫ9, Ϫ16, 9), t score ϭ 6.86 and 3R (10, Ϫ16, 9), t score ϭ 6.64]. An ROI analysis based on these VT conjunction results (Fig. 5 , red and green histograms) showed that these bimodal regions were dominated by the visual input and specifically its movement component, and were more activated by the face tactile stimulations than by the shoulder stimulations (Fig. 3) . Auditory stimulations elicited almost no responses in these regions (Fig. 5, blue histograms) .
The visual, auditory, and tactile conjunction analysis was performed at a lower statistical level ( p Ͻ 0.05 at uncorrected level, conjunction of four contrasts). In M1, we observed again two bilateral regions at the fundus of the IPS for the visuo-auditorytactile (VAT) conjunction (Fig. 6A , purple to white color scale): M1 anterior, left (Ϫ12, Ϫ16, 9), t score ϭ 2.64, right (22, Ϫ15, 11), t score ϭ 2.11; M1 posterior, left (Ϫ9, Ϫ20, 7), t score ϭ 1.70, right (7, Ϫ20, 9), t score ϭ 2.33. In M2, one bilateral trimodal region was identified, again at the fundus of the IPS (Fig. 6A , purple to white color scale): M2, left (Ϫ10, Ϫ18, 8), t score ϭ 2.21, right (8, Ϫ17, 7), t score ϭ 2.63. These VAT regions were used to define another set of ROIs (Fig. 6A, histograms) , in which the PSC profiles were very similar to the VT profiles but lower for all conditions, except the auditory ones. Notably, the PSC for auditory movement was significantly different from that for static auditory stimuli for all ROIs, both in monkey M1 and monkey M2. In monkey M2, one additional VAT conjunction region is observed on the medial bank of the IPS. As no VT region is identified at corrected level in this monkey, and no VT or VAT convergence is observed in the medial bank of the IPS in monkey M1, this observation will not be considered in the following sections.
To evaluate the robustness of the VAT conjunction analysis, we performed test-retest analyses (Fig. 6B) . ODD and EVEN groups of runs were selected independently from the visual, tactile, and auditory runs. PSC were calculated for the relevant contrasts (coherent movement vs scrambled and coherent movement vs static for the visual modality, center of the face vs fixation for the tactile modality, and coherent movement vs static for the auditory modality), for each of the ROIs identified by the VAT conjunction analysis (2 ROIs per hemisphere in monkey M1 and 1 ROI per hemisphere in monkey M2), on all the runs, on the ODD test-retest dataset and on the EVEN test-retest dataset. All PSC changes are significant at p Ͻ 0.05 or at p Ͻ 0.001, except for the auditory contrasts calculated in the left ROI of monkey M2, for which PSC reaches significance for all the runs together, are close to significance for the EVEN test-retest dataset ( p ϭ 0.07) but not significant for the ODD test-retest dataset.
In the following section, we address the fact that, in monkey M1, two multimodal regions are observed in the fundus of the IPS, whereas only one multimodal region was found in monkey M2. First, we tested the robustness of the spatial disjunction between these two VAT regions in monkey M1. To this end, we defined two cubic ROIs of 8 contiguous voxels lying in the fundus of the right and left IPS, respectively, just between the two multimodal regions of each hemisphere. Percentage signal changes remained far from significance for both ROIs, for all tested contrasts (tactile [center of the face vs fixation], visual [coherent movement vs scrambled], visual [coherent movement vs static], auditory [coherent movement vs static]), on all data as well as on a test-retest analysis considering first the ODD runs of each modality then the EVEN runs of each modality. Second, we compared the activation profiles within these ROIs (VT ROIs 1 and 2 in Fig. 5 and VAT ROIs 1Ј and 2Ј in Fig. 6 ) to evaluate whether these two regions were functionally different or not. Although the PSC for the center of the face tactile stimulation and for the visual coherent movement were similar in the anterior ROI, the response to visual movement was significantly higher than the tactile one in the posterior ROI: pooled left and right data, two-way ANOVA, conditions ϫ ROIs, interaction p Ͻ 2 ϫ 10 Ϫ14 for the VT ROI and p Ͻ 7 ϫ 10 Ϫ5 for the VAT ROI; Holm-Sidak post hoc test, p Ͼ 0.25 for the visual versus tactile comparison in the anterior VT ROI (respectively p Ͼ 0.1 for the anterior VAT ROI) and p Ͻ 10 Ϫ15 for the visual versus tactile comparison in the posterior VT ROI (respectively p Ͻ 10 Ϫ7 for the posterior VAT ROI). This was the only distinctive feature we could identify between these two regions. In particular, there was no difference in the relative strength of the tactile responses to the center and to the periphery of the face between the anterior and posterior ROIs (interaction for the two-way ANOVA, condition ϫ ROI, p ϭ 0.11 and p ϭ 0.58, for the VT and the VAT ROIs, respectively), or any difference in the retinotopy localizerinduced activations (similar activation profiles in the anterior and posterior ROIs for central visual stimulation, horizontal meridian, vertical meridian, superior peripheral stimulation and inferior visual stimulation, stimulations as in Fize et al., 2003 ; data not shown, interaction for the two-way ANOVA, condition ϫ ROI, p ϭ 0.39 and p ϭ 0.76 for the VT and the VAT ROIs, respectively). In conclusion, these anterior and posterior regions of monkey M1 IPS fundus have similar activation profiles, the only difference being that the posterior regions are more activated by the visual stimuli than by the tactile stimuli, consistent with the observation that the visual modality dominates the posterior portion of the IPS (Fig. 2) .
The regions of convergence for multimodal movement processing signals identified above (ROIs and VAT ROIs in all 4 hemispheres) consistently fall in the fundus of the IPS at a location compatible with the described localization of area VIP based on anatomical and connectivity data (Lewis and Van Essen, 2000a) . To confirm this, we projected the individual results of each monkey on a common atlas (F6 atlas in Caret), together with the boundaries of the intraparietal areas as defined by Lewis and Van Essen (2000a, 2000b) (Fig. 7) . Interestingly, the VT and VAT regions mainly fall within what has been described as VIPl, at the fundus of the IPS, without however encompassing its whole anteroposterior extent. In monkey M1, the anterior region, which is functionally undistinguishable from the posterior region (except for a slight difference in the ratio between the visual and tactile levels of activation), extends anteriorly to the boundaries of area VIP, in what is identified in the F6 atlas as anterior intraparietal area (AIP). However, given Figure 6 . VAT movement-specific conjunction analyses. A, The contrasts used for the conjunction are the visual contrasts (coherent movement vs scrambled and coherent movement vs static), the tactile contrast (center of the face vs fixation), and the 4 auditory contrast (coherent movement vs static). The VAT conjunction is shown at the uncorrected level (p Ͻ 0.05). The activations are masked by the visual contrast (coherent movement vs fixation) so as to display only positive signal change relative to the fixation baseline. For other conventions, see Figure 5 . B, Test-retest analyses performed on VAT ROIs (1ЈL/ 1ЈR and 2ЈL/2ЈR for M1, 3ЈL/3ЈR for M2). For each region of interest, histograms show the PSC (mean Ϯ SE) for the contrasts of interest used to define the VAT conjunction (visual contrasts: Mv-Sc, coherent movement vs scrambled; Mv-St, coherent movement vs static; tactile contrasts: Ce-Fi, center of the face vs fixation; auditory contrast: Mv-St, coherent movement vs static). For each sensory modality and each contrast, PSC of the whole dataset (full colored bars) and even/odd subsets (135°/45°hatched colored bars) are presented. t tests were performed on the PSC for each condition (**p Ͻ 0.001; *p Ͻ 0.05).
the reported physiological properties of area AIP (Sakata and Taira, 1994; Murata et al., 2000) , it appears that the IPS cytoarchitectonic organization of monkey M1 is not perfectly captured by its coregistration onto the F6 atlas. As a result, we think that this anterior ROI actually belongs to VIP. Corroborating this fact, this ROI never extends anteriorly to the anterior border of area LIP in either hemisphere (as defined by the eye movement activation anterior limit, p Ͻ 0.05, FWE-corrected level). This is in agreement with most electrophysiological and anatomical studies that describe the anterior border of VIP as matching that of LIP (Sakata and Taira, 1994; Luppino et al., 1999; Murata et al., 2000; Borra et al., 2008) . The proposed location of AIP in the F6 atlas is also questionable as this area is rarely described as encompassing the fundus of anterior IPS (Luppino et al., 1999; Lewis and Van Essen, 2000a, 2000b) .
The dual VT and VAT regions observed in monkey M1 strongly suggest an interindividual variability in IPS multisensory convergence patterns between monkeys M1 and M2. In the following, we consider sequentially the following: (1) within individual interhemispheric size variability, (2) interindividual size variability, (3) within individual interhemispheric spatial variability, and (4) interindividual spatial variability. The projection surface of the significant voxels onto the flat map (Fig. 7) does not allow to precisely address these questions, and a voxel count is more appropriate as it reflects the volume of cortex specifically recruited in the contrast of interest (VT ROIs; M1, anterior ROI, right: 31 voxels; left: 49 voxels; posterior ROI, right: 65 voxels; left: 132 voxels, including mirror activations on medial bank; M2, right: 53 voxels; left: 86 voxels). An interhemispheric size variability can be noted, ranging between a 30% and a 60% size difference (only an approximation of this measure can be derived for the posterior ROI of monkey M1). The interindividual size variability ranges between 50% (left hemisphere) and 80% (right hemisphere), thus slightly surpassing intraindividual variability. This observation is in agreement with reports of higher interindividual variability in area size compared with intraindividual variability, and specifically in higher-order areas, such as VIP (for review, see Krubitzer and Seelke, 2012) . From a spatial perspective, the identified convergence regions within each hemisphere in a given animal are positioned symmetrically with respect to each other, as can be seen from the coronal sections of Figures 5 and 6 . In contrast, their location in monkey M2 appears to fall just in between the two convergence regions identified in monkey M1, indicating a high degree of interindividual variability. Overall, the same analysis applies to the VAT convergence regions, although both their intraindividual and interindividual variability appear to be more important than that of the VT convergence. This is most probably because, although the VT convergence analysis is affected by the variability of visual and tactile projections within the IPS, the VAT convergence analysis is affected by the variability of all of the visual, tactile, and auditory projections within the IPS. The intraindividual and interindividual variability we observe in the VTandVATconvergencepatternsistheresult of the variability of visual and tactile projections within the IPS as described from anatomical studies (Fig. 4) (e.g., Lewis and Van Essen, 2000a) . Overall, this depicts a patchy topographic organization of VT VIP domains.
Discussion
fMRI allows us to capture the spatial extent of the visual, tactile, and auditory domains within the IPS as well as their regions of overlap. In particular, we highlight a heterogeneous region involved in the processing of the movement component of these different sensory modalities. This region corresponds to area VIP as defined by its cytoarchitectonic limits. We further describe, within VIP, a region specifically dedicated to the amodal processing of movement (i.e., irrespective of the sensory domain by which it is determined).
Sensory domains within the IPS
Posterior IPS is strongly recruited by large field moving visual patterns (coherent movement vs fixation contrast; Fig. 2 ). This activation extends from the parieto-occipital pole and the inferior parietal gyrus to two-thirds into the IPS and up its medial and lateral banks. This activation covers area LIP, in agreement with single-cell recording studies describing complex neuronal responses to moving visual patterns (Eskandar and Assad, 1999, 2002; Williams et al., 2003) and fMRI (Vanduffel et al., 2001) . It also covers area medial intraparietal area (MIP), although the visual responses in this cortical area are strongest when associated with a coordinated hand movement (Eskandar and Assad, 2002; Grefkes and Fink, 2005) . Finally, VIP is also robustly activated, in agreement with its functional involvement in the processing of large field visual stimuli (Bremmer et al., 2002a (Bremmer et al., , 2002b . Within this visual IPS, we further identify a visual movement-specific territory (coherent movement vs scrambled and coherent movement vs static contrasts; Fig. 5 ), grossly encompassing the posterior half of the IPS fundus. This region is consistently larger than the fundal IPS region activated by the random dot patterns used by Vanduffel et al. (2001) to identify VIP, most probably the result of the high speed (100°/s vs 2-6°/s) and large aperture (60°vs 14°) of our stimuli.
Tactile stimulations to the face activate the anterior inferior parietal gyrus extending down into the IPS fundus. Tactile stimulations to the center of the face produce higher IPS activations than tactile stimulations to the periphery of the face, although both are colocalized (Fig. 3) . Shoulder tactile stimulations produce very low IPS activations, specific to the upper medial bank (in agreement with early descriptions of somatosensory responses in this region; for review, see Hyvärinen, 1982) , confirming the overrepresentation of the face with respect to other body parts within the IPS fundus as described by single-cell recording studies (Duhamel et al., 1998). Contrary to the two other modalities, we did not specifically test for tactile movement. However, because of the reported characteristics of tactile neurons in the fundus of the IPS (Duhamel et al., 1998) , we think that our tactile activations are part of the global processing of movement around and toward the face (70% of VIP's tactile cells have tactile direction selectivity, which could be driven by the dynamic component of air puffs in our experiment; the other 30% of cells respond to stationary tactile stimulations touching the face or moving away from it, in congruence to their visual response to proceeding/receding optic flow).
The auditory IPS activations are weak, consistent with Joly et al. (2011) and with the known light connections from the caudomedial auditory belt (Lewis and Van Essen, 2000a) . Auditory responses have been described in area VIP in naive animals (Schlack et al., 2005) , using broadband auditory noise stimuli that are known to allow for a better sound localization ability than stimuli with narrower bandwidths (Blauert, 1997) . Auditory responses have also been recorded, during spatially guided behavior, both in area LIP and in the parietal reach region Stricanne et al., 1996; Cohen et al., 2002; Gifford and Cohen, 2005) . However, these activities have been shown to be nonexistent in naive animals, only arising after behavioral training (Grunewald et al., 1999; Linden et al., 1999) . We thus predict that our activations would be stronger in animals trained to perform an auditory-motor behavior (Mullette-Gillman et al., 2005 ).
Functional definition of the ventral parietal area VIP
In the present work, we were specifically interested in the IPS regions that were functionally specialized for processing moving stimuli independent of which sensory modality in which they were presented. A single domain dedicated to movement could be identified, situated at the fundus of the IPS, coinciding within the VIP, as defined by Lewis and Van Essen (2000a, 2000b) . This area is monosynaptically connected with the medial temporal area MT (Maunsell and van Essen, 1983; Ungerleider and Desimone, 1986) and with the somatosensory cortex (Seltzer and Pandya, 1980; Lewis and Van Essen, 2000a) . Weak but direct connections with the caudo-medial auditory belt have also been described (Lewis and Van Essen, 2000a) . From a functional point of view, area VIP was initially defined based on its neuronal responses to visual stimuli approaching the face (Colby et al., 1993) or representing relative movement of the subject with its environment (Bremmer et al., 2002a (Bremmer et al., , 2002b . In addition to unimodal visual neurons, VIP also hosts neurons that are modulated by VT (Duhamel et al., 1998; Avillac et al., 2005) and visuo-vestibular stimulations (Bremmer et al., 2002b; Chen et al., 2011) .
Although the extent of the motion-specific visual region we describe matches closely the expected cytoarchitectonically defined VIP (joint VIPl and VIPm of Lewis and Van Essen, 2000b) , both the VT and VAT conjunctions cover only part of this region, sometimes extending into ventral LIP (Fig. 7) . Although spatially contiguous, these multimodal regions only partially overlap. We thus provide functional evidence for a multimodal associative definition of area VIP, spatially more restrictive than its motion-specific definition. Our data support a patchy organization of this IPS region, although higher-resolution fMRI acquisitions will be required to directly address this point. In addition, because the vestibular modality has not been tested, we do not know where visuo-vestibular convergence regions would fall in the fundus of the IPS with respect to the reported multimodal convergence regions and whether a purely visual region will be found to coexist next to multimodal patches. The recordings of Chen et al. (2011) suggest that visuo-vestibular convergence should be found all throughout the fundus of the IPS (their Fig. 1 ) as they report that up to 97% of the cells recorded in this region respond to rotational vestibular stimulations while at the same time 98% of them respond to translational or rotational visual stimulations (Table 1 in Chen et al., 2011) .
In addition to multisensory convergence, VIP has also been described as a cortical site of multisensory integration (Bremmer et al., 2002b; Avillac et al., 2007; Chen et al., 2011) . While we expect that the VIP patches we identify will be performing multisensory integration across the dominant sensory modalities by which they are activated, it is not clear whether they will also be influenced by sensory signals from contiguous patches. Indeed, in Avillac et al. (2007) , we describe visual unimodal neurons within VIP whose responses are modulated by tactile stimulation. Only electrophysiological recordings performed in fMRIidentified patches will allow to test whether multisensory integration is processed locally or at the level of the whole area.
It is important to note that the multimodal convergence we describe here is dependent on the stimulation characteristics and as such does not reflect the entirety of multisensory convergence patterns within the IPS. For example, multisensory convergence is also expected to be found in areas MIP and AIP. However, whereas our visual stimuli robustly activate the medial bank of the IPS, the tactile stimulations we used do not. Hand or arm tactile stimulations would have been more suited to map multisensory convergence in MIP (for review, see Grefkes and Fink, 2005) . Conversely, whereas our tactile stimulations robustly activate the anterior most part of the IPS, the visual stimuli we use are clear not optimal for this region. Objects with 3D structure or small 2D objects would have allowed describing multisensory convergence in area AIP (Durand et al., 2007) .
Comparison with human studies
Our present observations in the macaque monkey reveal several similarities of interest with human fMRI studies identifying VIP on the basis of its multimodality. identify human VIP based on a conjunction analysis of visual, auditory, and face tactile stimulations. The group results reveal a unitary human VIP, whereas the single subject activations suggest that the patchy organization that we describe here might be a shared functional trait between humans and nonhuman primates. In another study, Sereno and Huang (2006) highlight an important interindividual and intraindividual variability in the location and extent of human VIP within the parietal cortex. In addition, their subject 2 (Fig. 5 of Sereno and Huang, 2006 ) has a doubled representation of both its somatosensory and visual maps. This is similar to our monkey M1 in which we describe two disjoint sites of VAT conjunction, suggesting that such a duplication of cortical maps might be more under the dependence of ontogenetic rather than phylogenetic factors.
